Abstract-The objective of this study was to evaluate the reliability of using freehand three-dimensional ultrasound to measure scapular rotations (internal/external, upward/downward, anterior/posterior). The scapular position in 22 healthy, nondisabled individuals was imaged three times in four testing positions of interest (arm at rest and humeral elevation in the sagittal, frontal, and scapular planes). We found substantial reliability across scanning positions and scapular rotations, with intraclass correlation coefficients ranging from 0.62 to 0.95. The highest reliability was found in the rest testing position. Our standard error of measurement was less than 2 degrees for all measurements and less than 0.5 degrees for most. Minimum detectable change ranged from 0.37 to 3.08 degrees. Our results agree with the pattern of movement found in other studies, with the scapula moving toward a more externally rotated, upwardly rotated, and posteriorly tilted position with humeral elevation. Further study is warranted to compare our methods to a gold standard, apply them to evaluation of dynamic movement, and determine whether they can be used to detect shoulder pathology.
INTRODUCTION
As the base of the shoulder, the scapula is integral to normal function of the joint. Altered scapular kinematics have been linked to shoulder pathology and impingement syndrome [1] [2] [3] [4] [5] . Attempts have been made to move beyond visual observation of shoulder dyskinesis, or altered scapular movement, to objective methods for detecting acute changes in movement. The gold standard for evaluating scapular movement has become bone pins. While highly accurate, this method is invasive and studies are generally limited to very small sample sizes [6] [7] . Radiography and fluoroscopy have been used to visualize movement, but studies are either limited to one dimension of imaging or have limited testing time to minimize exposure to radiation. Magnetic resonance imaging allows for three-dimensional (3D) reconstruction of the scapula, but it is expensive and time consuming and does not allow for the evaluation of functional movement. Skin-based marker systems, which do not expose subjects to radiation and allow for evaluation of dynamic postures, have employed a variety of markers [3, [7] [8] [9] [10] [11] [12] . Unfortunately, inherent to the scapula gliding under skin and muscle during movement, skin-based systems are subject to error, particularly at higher angles of arm elevation [7, 13] . Digitization techniques have also been used to characterize scapula movement; however, they are limited to static postures and are affected by the amount of skin, muscle, and adipose tissue between the bone and digitizer [13] . Additionally, previous studies vary in terms of which arm elevation planes are examined (sagittal, frontal, and scapular) and differences in technique make comparison across studies difficult.
On the basis of the limitations of previous studies, we proposed the novel application of freehand 3D ultrasound to evaluate scapular movement. Freehand ultrasound pairs two-dimensional (2D) ultrasound with motion capture to create a 3D data set. This method involves no radiation, is comparatively low cost, and allows for direct visualization of the bone. In the last 10 yr, the prevalence of using freehand 3D ultrasound to image soft tissue and bone has increased. Investigators have combined ultrasound and motion capture systems to image Achilles tendon strain [14] [15] [16] , muscle architecture [17] [18] , muscle volume [19] , and patellar movement [20] [21] . To our knowledge, no previous studies have used ultrasound to evaluate scapular positioning.
The main objective of this study was to evaluate the reliability of using freehand 3D ultrasound to measure scapular rotations with the arm held in different static positions (arm at rest and elevated in the sagittal, frontal, and scapular planes). Secondary goals included establishing the reliability of our freehand system and manual point selection methods to identify the scapular border in ultrasound images.
METHODS

Freehand Three-Dimensional Ultrasound System
Ultrasound imaging was completed using a Philips HD11XE ultrasound machine equipped with a 5-12 MHz linear transducer (Philips Medical Systems; Bothell, Washington). This machine was limited to 6 s of video recording and trials were approximately 1 min in length, so an Epiphan Frame Grabber (10 Hz, Epiphan Systems; Ottawa, Ontario, Canada) was used to record video collected during the trial. In order to track movement, the ultrasound probe was fitted with a custom orthogonal attachment equipped with Vicon markers (Vicon Motion Systems; Centennial, Colorado) (Figure 1(a) ). Movement was recorded using Vicon Nexus software (Vicon Motion Systems) and 10 cameras (Vicon Motion Systems). Vicon cameras were arranged to maximize visibility of subject makers as well as the ultrasound probe. Vicon data were collected at a sampling frequency of 120 Hz using Nexus 1.8 software (Vicon Motion Systems). We determined the relationship between the ultrasound image and custom orthogonal attachment by collecting a static trial with additional Vicon markers in line with the beam of the probe and the edges of the scanning surface (Figure 1(b) ). Before subject testing, our system was calibrated by scanning a phantom of known dimensions, yielding a root-mean-square error of (RMSE) 0.1 cm.
Participants
Subjects were recruited through flyers and word of mouth at the Human Engineering Research Laboratories (Pittsburgh, Pennsylvania). Subjects were eligible to participate in this study if they were over the age of 18 yr, spoke English, and were able to raise their arm above their head. Subjects were excluded from this study if they had a history of fractures or dislocations in the shoulder from which they had not fully recovered; had upper-limb impairment, weakness, or spasticity that prevented smooth movement; or could not complete reach tasks while seated with support straps around the trunk.
Testing Setup
A testing chair was designed to isolate scapular movement and provide repeatable movements of the subject's dominant arm in space (Figure 2) . The backrest of the chair was height adjustable to accommodate a multitude of torso lengths. An adjustable pad (height and depth) was also placed behind the contralateral shoulder to provide support. The location where the contralateral shoulder met the pad was marked on each subject so that the subject's posture could be readjusted if he or she shifted between trials. Additionally, the contralateral shoulder was held in place by a strap that reached from the shoulder pad, around the anterior portion of the shoulder, and down to the seat of the chair. An adjustable strap was also placed around the subject's trunk to minimize trunk movement (Figure 2(a) ). Through the use of (Figure 2(b) ).
For the first elevation trial, the subject raised his or her arm while maintaining contact with the guide bar until the angle of humeral elevation registered 120° on a goniometer. A stop marker was placed on the guide bar and remained at this height for all elevation trials for that subject (Figure 2(c) ). During testing, the dominant hand was against the guide bar with the thumb pointed upward. Participants were instructed to keep their head facing forward during the trial.
Participants wore a white tank top or removed their shirt to allow for placement of Vicon markers on the trunk and dominant arm. Marker placement followed the International Society of Biomechanics recommendations [22] and included the following bony landmarks: cervical 7, thoracic 8, sternum, xiphoid, acromion, lateral epicondyle, and medial epicondyle. A triad of markers was also placed on the upper arm in case of marker dropout. These markers allowed measurement of trunk and upper-arm movement during trials. Because scapular position would have been affected by changes in trunk or arm position, we also compared trunk and arm position across trials.
Ultrasound Imaging of Scapula
One operator, with experience collecting ultrasound images of bone and soft tissue of the shoulder and upper limb in a research setting, performed all ultrasound scanning. The depth of the ultrasound imaging was set to 4 cm for all participants. Ample ultrasound gel was applied to the skin overlaying the scapula, and the probe was oriented to maintain visualization of the border of the scapula in the image. The ultrasound probe was moved slowly back and forth along the spine of the scapula (~20 s) and then up and down along the medial border of the scapula (~40 s). Less time was spent on the spine of the scapula because it was more superficial and easily visualized. Figure 3 illustrates different probe orientations and associated ultrasound image of the spine and medial borders of the scapula.
Participants were imaged three times in four testing positions of interest, which consisted of the arm by the participant's side at rest and humeral elevation in the sagittal, frontal, and scapular planes (30° anterior to the frontal plane). The subject held each position for 1 min during scanning. A 2 min rest period was provided between all trials to prevent fatigue.
Manual Point Selection Reliability
The spine or medial border of the scapula was manually identified in each frame of the ultrasound videos. The spine of the scapula was identified as the most posterior edge while the medial border was identified as the most medial edge in the image. A reliability study was performed to determine the interrater and intrarater reliability of manual identification of the scapula in ultrasound images. The order was randomized, and raters were blinded to the trial they were viewing. Scapula identification consisted of selecting an x-y coordinate in each ultrasound image representative of the scapular border. The origin of each ultrasound image was set to be the upper-left corner of the image.
Data Processing
Ultrasound videos were read into a custom MATLAB (The MathWorks; Natick, Massachusetts) program and written to individual image files. Within each image, the scapular border was manually identified as an x-y coordinate. For each set of images, frames were analyzed in sequence to allow tracking of the scapula from one image to the next and prevent misidentification of the scapular border. Vicon data were exported and smoothed using a fourth-order zero-lag Butterworth filter with a cutoff frequency of 5 Hz.
Syncing Vicon and Ultrasound Systems
Vicon and ultrasound data were synched by applying the ultrasound probe to the participant's shoulder and quickly removing it. The quick movement could be detected by an absence of ultrasound image and sharp change in movement in the location of the ultrasound probe. The sampling frequency of the frame grabber used for this study changed based on the contents of the image. To compensate for this, when Vicon and ultrasound data were combined, each second of Vicon data was spline-fit using a third-order polynomial and downsampled corresponding to the determined ultrasound sampling frequency for that envelope (6-17 Hz). 
Reconstructing Three-Dimensional Scapular Border
A series of transformations were applied to the 2D point identified as the scapular border in each ultrasound image (P beam ) to determine the location of this point in 3D space (P global ). P global was determined based on a static calibration relating the ultrasound beam to the orthogonal attachment (T beamS,attachS ), the location of the probe during testing (T attachD,global ), the position of the subject's trunk at the time the image was collected (T global,trunkD ), and the average trunk position of the subject during testing (T trunkS,global ) (Equation 1): , ,
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Because trunk movement would affect scapular position, we input the position of the trunk at the time the image was collected, T global,trunkD . This helped minimize any distortions that could be caused by the participant shifting the position of his or her torso during testing. Once the location of the scapular border was determined for each of the ultrasound images collected during the trial, the points were pooled to create a 3D reconstruction.
Determining Scapular Position
The International Society of Biomechanics recommends using three landmarks to determine the scapula local coordinate system: acromial angle (origin), root of the spine, and inferior angle. The z-axis extends from the root of the spine to the acromial angle [22] . The x-axis extends anteriorly and is perpendicular to the plane formed by the three landmarks. The y-axis then points upwards as the cross-product of the x and z axes. Because our methods involved scanning the spine and medial border of the scapula rather than identifying these three landmarks, we modified our local coordinate system to mirror methods used by the International Society of Biomechanics. We determined our z-axis as a linear regression of the points making up the spine of the scapula border, the x-axis as perpendicular to a plane fit to all the points in our scapular point cloud, and the y-axis as their cross product. The scapular position was determined with respect to the trunk, where T is the transpose of the matrix (Equation 2):
.
To determine rotations, we followed the International Society of Biomechanics' recommendation for Euler angle sequence [22] . A YXZ rotation sequence was used for matrix decomposition to determine scapular rotation, with the first rotation about the y-axis representing internal/ external rotation (α), the second about the x-axis upward/ downward rotation (β), and the third about the z-axis anterior/posterior tilting (γ). With this coordinate system, positive rotations included internal rotation, downward rotation, and posterior tilting 
Determining Humeral Elevation and Trunk Position
The humeral coordinate system was determined using the following markers: acromion, lateral epicondyle, and medial epicondyle. The y-axis was formed by the line extending upward from the midpoint between the medial and lateral epicondyles to the acromion. The xaxis was the line formed perpendicular to the plane created by the lateral and medial epicondyles and the acromion, pointing forward. The z-axis was determined as the 
A YXY rotation sequence was used for matrix decomposition to determine humeral elevation. The sequence of rotations was elevation in the glenohumeral plane, negative glenohumeral elevation, and glenohumeral axial rotation. Trunk position was determined using a ZXY matrix decomposition of the trunk local coordinate system. The first rotation was flexion/extension, followed by lateral rotation, and axial rotation.
Statistical Analysis
To evaluate the interrater and intrarater reliability of manual point detection, intraclass correlation coefficients (ICCs) were calculated for single measures using twoway random model, ICC(2,1). The ICC was interpreted using the categories of agreement suggested by Landis and Koch [23] , in which 0.40 is unacceptable, 0.41-0.60 is moderate, 0.61-0.80 is substantial, and 0.81 is almost perfect. ICCs were also used to evaluate the consistency in measured scapular rotations across repeated trials. The ICC for single measures two-way mixed model, ICC(3,1), was calculated for each rotation of the scapula in each of the testing positions (rest and elevation in each of the three planes). Equations 4 and 5 were used to calculate standard error of measurement (SEM) and minimum detectable change (MDC), respectively:
To compare trunk and arm position between repeated trials, a repeated measures analysis of variance was completed for both measures with a within-subjects factor of trial and testing position (rest and elevation in the sagittal, frontal, and scapular planes). All statistical analyses were completed with IBM SPSS Statistics Software, version 20 (IBM Corporation; Armonk, New York), with the significance level set a priori at 0.05.
RESULTS
Twenty-two healthy, nondisabled individuals (16 male, 6 female; mean ± standard deviation age = 50.5 ± 11.6 yr, height = 1.72 ± 0.13 m, body mass = 74.22 ± 15.02 kg) participated in this study approved by the University of Pittsburgh and Department of Veterans Affairs (VA) Pittsburgh Healthcare System Institutional Review Board. Consent of each subject was obtained prior to the study. For manual identification of the scapular border in ultrasound images, we found inter-and intrarater reliabilities ranging from 0.975 to 0.995. An example of the reconstructed scapular border for one subject in each testing position can be seen below in Figure 5 . A summary of scapular position across subjects in each testing position can be found in Table 1 . No significant differences were found across repeated trials in any testing plane for trunk (p = 0.33-0.90) or arm position (p = 0.28-0.54).
A summary of reliability, SEM, and MDC for scapular rotations between trials can be found in Table 1 . Reliability across trials ranged from substantial to almost perfect. The SEM was less than 2° for all trials and can be seen in Table 2 . SEM was less than 0.5° for internal/ external rotation and anterior/posterior tilting for all testing positions. SEM was highest for upward/downward rotation, specifically in the sagittal and frontal planes. Because MDC is related to reliability and SEM, it is not surprising that the smallest MDC was also found when the arm was in the rest position and for internal/external rotation. For testing in the elevated positions, the MDC for internal/external rotation and upward/downward tilting was considerably smaller than the MDC for upward/ downward rotation.
We found no significant differences across trials for arm or trunk position across repeated trials. It is important to note that the average arm elevation angle, measured based on Vicon markers with respect to the trunk, for subjects in the elevated trials did not reach 120°, but instead was closer to 90° ( Table 2) .
DISCUSSION
The objective of this study was to evaluate the reliability of using freehand 3D ultrasound to determine scapular rotations. Very high intrarater reliability was found for all testing positions and all scapular rotations across trials. The greatest reliability was found in the because elbow flexion and wrist flexion could possibly vary across trials in the elevated testing positions, thus affecting arm position and, ultimately, scapular position. Additionally, the rest position required no effort on the part of the participant to maintain.
Ludewig et al. investigated reliability of landmark digitization for humeral elevation in the scapular plane to determine scapular rotations and found ICCs of 0.93 for internal/external rotation, 0.82 for upward/downward rotation, and 0.78 for anterior/posterior tilting [24] . We had ICCs that were equal to or exceeded the reliability of Table 1 . Scapular rotations across testing positions. Data shown as mean ± standard deviation. Table 2 . Intraclass correlation coefficient (ICC), standard error of measurement (SEM), and minimum detectable change (MDC) for repeated freehand three-dimensional ultrasound scans. CI = confidence interval. their study. Bourne et al. also completed a reliability study on the use of bone pins for determining scapular position during elevation in the sagittal and frontal planes [6] . They found ICCs that exceeded 0.85 for internal/ external rotation, 0.97 for upward/downward rotation, and 0.97 for anterior/posterior tilting. Comparatively, our reliability exceeds that of Bourne et al. for internal/external rotation. Reliability for other rotations is not as high as that found by Bourne et al.; however, our study still shows substantial to excellent reliability. This finding is significant when acknowledging that while bone pins are reliable, they are also invasive.
Scanning Position
Many other studies do not report SEM for scapular rotation measurements. Ludewig et al. reported SEM for the scapular plane of less than 2° for anterior/posterior tilting and less than 3° for both internal/external rotation and upward/downward rotation [24] . Our SEM was less than 2° for all rotations in all testing positions. Bourne et al. did not report SEM but did report RMSE ranging from 1.2° to 4°. Additionally, MDC for scapular movement has also not been reported by previous studies. Because MDC is a function of SEM, we can compare it to the study by Ludewig et al. With their reported range of SEM from 2° to 3°, the resulting MDC 90 would be 4.6°-7.0°. Comparatively, our MDC at 90° elevation is lower at less than 1° for internal/external rotation and anterior/posterior and approximately 3° or less for upward/downward rotation in all positions. We found good agreement for scapular position at rest with previous studies for internal and upward rotation [10, [24] [25] [26] . In general, we found increased external rotation, upward rotation, and posterior tilting with humeral elevation, which is what we would have expected [6] .
The results of this study are based on a relatively small (n = 22) sample of healthy, nondisabled individuals. To apply these methods to future studies, it is also important to evaluate the reliability with other populations of interest. Body composition has an effect on the quality of ultrasound imaging because significant adipose tissue or muscle mass can affect impedance. All participants in this study had a body mass index of less than 25; therefore, imaging may have been easier. As previously indicated, there were variations associated with the sampling frequency of the frame grabber used to collect ultrasound data in this study. To compensate for this variable rate, we resampled our data based on an approximate rate determined by the timestamp on ultrasound images. Inherently, this introduces additional error into our calculations because the approximation cannot make up for the asynchrony in the time domain. While high reliability was still found between trials, future studies that avoid use of devices with dynamic sampling may have higher reliability.
An additional limitation of this study is that we did not collect data using a gold standard measure, like bone pins. While incorporation of a gold standard would have allowed for direct comparison, bone pins are invasive and would have significantly limited our sample size. However, without this gold standard, we are unable to make direct comparisons between our results and existing methods. Future studies should include a subsample evaluated with a gold standard or should use other forms of simultaneous measurement, such as radiograph imaging, to compare our results. Additionally, future studies should incorporate interrater reliability using different ultrasound operators to validate our methodology. Our technique could be used for dynamic measurement during movement, and this, too, should be investigated in future studies. On the basis of these preliminary results using ultrasound to evaluate static postures, we believe that the ability to visualize and reconstruct scapular borders would lend itself well to providing a measure to detect scapular dyskinesia.
CONCLUSIONS
Freehand 3D ultrasound shows promise as a tool for evaluating scapular positioning. We were able to apply this method to a variety of different testing positions and achieved high intrarater reliability in all positions. Additionally, our SEM was less than 2° for all measurements and less than 0.5° for most. Our results agree with the pattern of movement found in other studies, with the scapula moving toward a more externally rotated, upwardly rotated, and posterior tilted position. Because body composition affects the ultrasound image, it is important to be aware of the limitations imposed on this method by the presence of large amounts of adipose tissue or muscle mass. The frame grabber used in this study was the best technology available to us at the time of the study, but results may improve with ongoing advancements in ultrasound video recording and sampling techniques. We plan on incorporating a gold standard and dynamic measurement to future studies to evaluate
